Nanostructured titania thin films were prepared under controlled atmospheric conditions by sol-gel dip-coating technique on glass, fused silica and (100)-silicon substrates. Two different sol-gel routes were employed by using different precursor solutions, a highly acid solution and a polymer-like solution. The influence of sol composition and of the substrate type on the morphology, coating porosity, surface roughness, crystalline phases and grain size of the titania films were investigated in detail. In addition, the relationship between microstructural/morphological properties and the optical properties (energy gap, refractive index and extinction coefficient) and the hydrophilic performance of the coatings were evaluated. Our experimental results clearly indicate that the sol composition and substrate type remarkably influence the films morphology and microstructure, moreover they consequently modify the optical response and hydrophilic performances of the samples, showing that superhydrophilic titania coatings can be obtained opportunely by choosing the composition of the precursors sol-gel solution. Blue shift of the band gap energy and a band structure mutation from indirect to direct were also revealed. The hydrophilic properties and the change of the band gaps transition can be attributed to oxygen vacancy on the surface of the titania nanocrystallites that gives rise to Ti 3+ sites and, consequently, to structural changes/defects of the anatase nanoarchitecture. These findings allow us to design and tailor the optical and hydrophilic properties of the titania coatings. PACS Numbers: 68.55. -a 81.20.Fw 81.07.Bc 78.66.w
1.
Introduction TiO 2 -based films or powders are of great interest for optical, catalytic, photocatalytic and photovoltaic applications because of their electronic and optoelectronic properties and their high chemical, biological and structural stability [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In particular, the possibility of controlling the solar energy absorption, the photocatalytic activity and the surface hydrophilic performances of TiO 2 coatings by tailoring their surface morphology, crystalline structure and the energy gap is an important aim to achieve, in particular for advanced device applications [2, 6, 8, [11] [12] [13] .
One of the most attractive features of TiO 2 anatase phase is its large optical band gap energy, about 3.2 eV, corresponding to an indirect band to band electronic transition [2, 10, 14] . This should favour the use of anatase as wide band-gap semiconductor, specifically for the charge separation in dye-sensitized solar cell, because in indirect band gap materials less electron-hole recombination occurs [2] . The large energy band gap is however a limit for the photocatalytic efficiency of TiO 2 under sunlight irradiation because only 2%-3% of the UV light of the total solar spectrum can be used for water splitting [2] . Therefore, much effort has been devoted to increase the photocatalytic efficiency of TiO 2 by widening the wavelength range of photoactivation through the doping of metals, rare elements, nitrogen or iron, and the tailoring and optimizing of the morphology and microstructure in order to increase the surface area and the surface hydrophilicity [2, 5, 6, 10, 15] . The required surface area and hydrophilicity properties can be obtained by synthesizing titania anatase of small grain/particles size. In fact, by reducing the particle size, the surface area of TiO 2 increases leading to a more efficient light and water absorption and consequently to a higher photoefficiency and photocatalytic activity [5, 6] . Alternatively, a temporary superhydrophilic state (water contact angle < 10%) of titania can be obtained by exposition to ultraviolet light. [6, 7, 16, 17] .
The aim of our work is to fabricate nanostructured titania anatase coatings by employing two different sol-gel routes and to investigate the correlation among the optical properties (energy gap, refractive index and extinction coefficient), the hydrophilic performances of titania and the microstructure and morphology of the coatings. The titania thin films were prepared by two different acid catalyzed sol-gel titania precursor solutions. In fact, a characteristic of the sol-gel synthesis is that a potential control of the microstructure and the morphology of materials can be achieved by opportunely choosing the composition of the sol-gel solution and the thermal curing parameters [18] [19] [20] . However, also at fixed process parameters, substrate properties, such as composition, topography, phase and orientation, can affect the surface roughness, morphology and microstructure of the coating [23] [24] [25] [26] [27] .
Therefore, we have investigated the influence of some common substrates, crystalline (Si-100) and amorphous (soda-lime glass, fused silica) substrates, on the titania growth by using a sol-gel dip coating technique. The dependence of optical properties and hydrophilic performances on microstructuctural/morphological properties was investigated in detail. The film thickness, surface and interface roughness, mass density (or refraction index), size and phase of the crystalline domains were evaluated by glancing-incidence X-ray diffraction (GIXRD) and X-ray reflectivity (XRR) measurements. The surface morphology, films porosity and grain sizes were evaluated by field emission scanning electron microscopy (FE-SEM). The optical properties were evaluated from reflectance and transmittance spectrophotometric data, while the hydrophilic performances measuring the water contact angle on the films surface.
2.

Experimental Details: Sol-Gel synthesis and characterisation techniques
Sol-Gel synthesis
Two titania precursors sols, a TiO 2 -nanoparticles bath (Sol-1) [ minutes and then densified by means of a thermal treatment in air at 500°C for 1,5 hours.
Characterisation techniques
The GIXRD and XRR experiments were carried out by using an X-ray diffractometer in parallel beam geometry (Philips MPD PW1880) optimized for small-angle scattering measurements. For all the measurements CuKα-radiation (λ CuKα =0.154186 nm) was employed. The GIXRD measurements were performed by keeping the incident angle i (angle between incident beam and sample surface) fixed at 0.5°while recording the scattered X-ray beam by moving the detector along the goniometer circle in the 2θ range between 10°a nd 100°. Within the XRR regime, we took two types of scans: i) specular (ω,2θ) scans in which the grazing angle of incidence of the x-rays is equal to the exit angle; ii) transverse ω scans (diffuse scattering) in which the exit angle was fixed. The (ω,2θ) scans were performed in the 2θ range between 0°and 6°with a step size of 0.02°.
The morphology, the grains size and the porosity of the samples were analysed by a The energy gap and the optical parameters of the films grown on silica and soda lime glass substrates were evaluated by analysing the spectrophotometric measurements of the transmittance T(λ) and reflectance R(λ), which were carried out at near normal incidence in the spectral range 300-1500 nm by using a VARIAN Cary 5 spectrophotometer. The curves of the refractive index and the extinction coefficient were determined by processing the experimental T(λ) and R(λ) curves with a home-made software program for the determination of refractive index and extinction coefficient [30] .
The water contact angle (CA) on the films and nude substrates surface was measured by means of a 100 NRL Contact Angle Goniometer (Rame-Hart, Inc.), by placing a drop of water on the uppermost surface and measuring the angle between the horizontal plane and the tangent to the drop at the point of contact with the surface.
Results and discussion
X-ray diffraction and X-ray reflectivity analysis
The experimental GIXRD patterns acquired from the samples obtained by using the nanoparticulates bath as titania precursor solution are shown in Fig.1 . The GIXRD pattern in 
where D is the average crystallite size (in the direction of momentum transfer), is the X-ray wavelength , is the calculated FWHM of the diffraction peak in radians and θ B is the Bragg angle.
In order to investigate the microstructure of the thin films and to quantitatively ascertain the differences among the several samples, we performed the quantitative analysis of the x-ray spectra by means of pattern decomposition method [32, 33] . The corresponding
Williamson-Hall plots showed that the X-ray line broadening was essentially isotropic and that the least-squares line through the points had a positive slope and a non-zero intercept [33] . This indicates that diffracting domains are isotropic in the shape and there is also a microstrain contribution. However, the size-strain parameters were definitely calculated by considering an "average size-strain plot" [34] , which gives a better estimation in cases of isotropic line broadening and has the advantage that less weight is given to data from reflections at high angles, where the precision is usually lower. The RMS strain is in the range between 7*10 -4 (sample A1) and 2.0*10 -3 (sample B1 and C1).
The experimental GIXRD patterns of the titanium oxide films generated from the polymer sol (Sol-2) on the single-crystal (100)-Si and on the amorphous silica and glass substrates, are reported in Fig.2 . The diffraction patterns obtained are very similar to the results shown in Fig.1 , except for the film deposited on the glass substrate (curve (c) of sample C2 in Fig.2 ) that does not exhibit Bragg peaks of the titanium oxide films indicating that the film C2 has an amorphous structure. The average crystalline domain size <D> was found to be 3.3±1 nm and 4.6± 1 nm for the A2 and B2 films, respectively.
X-ray specular reflectivity (XSR) and transverse scan (X-ray diffuse scattering, XDS) measurements were performed in order to characterize the morphological properties of the titanium oxide films deposited. In particular, the mass density (chemical composition) of the deposited films was determined from the angular position of the Yoneda wings in the XDS patterns, and the thickness and the surface roughness were determined by simulation of the experimental XSR patterns [35] . The patterns of all the samples exhibit well defined Kiessig fringes due to the X-ray wave interference that occurs between the waves scattered by the film/substrate interface and the film surface. This observation indicates a good structural order and a morphological uniformity within the film thickness and along the film surface. )
where r e is the classical electron radius, λ is the X-ray wavelength used, N A is the Avogadro's number, and Z i, f' i and M i are the nuclear charges, the dispersion corrections and the atomic weights of the i-th chemical element, respectively.
The experimental XSR patterns were simulated by using the Parratt's recursive equations, considering the mass density values obtained from the Yoneda peak position analysis, and by using the Nevot-Croce factor to describe the interface and surface roughness of the thin surface films [35] . Figure 4 shows the experimental and simulated XSR patterns of sample A2 (see Fig.3 ). The slope (decay) of the reflected intensity above the critical angle θc is related to the interface and surface roughness in accordance with the Nevot-Croce model. crystallites, determining only an initial stage of the crystallization process of the film. In the case of the sample C1, grown from a TiO 2 nano-particulate solution, the presence of the impurities may have caused the loose packing of the crystallites and also favoured the rather rough interfaces of the film.
The samples synthesized by using the polymer-like precursors (Sol-2) exhibit not only a smaller crystallites size (<5nm) and a slightly higher surface roughness (~1.3nm), but also a much lower mass density with respect to the samples prepared by using the highly acid precursor solution Sol-1. Here, the experimentally determined mass density is about 30% lower than the theoretical value of anatase titania (4.26 g/cm 3 ). The reduced mass density of the coatings can be explained by considering a film porosity that is very much pronounced in samples prepared by using Sol-2. This finding is also corroborated by FE-SEM experiments that will be reported and discussed in the following. The evidence that samples prepared by following the Sol-1 synthesis procedure did not show any formation of aggregates, while the Sol-2 synthesis leads to the formation of crystalline aggregates, is certainly correlated to the different chemical synthesis of the titania precursor sols. In fact, the Sol-2 procedure uses a polymer like precursor solution that due to the polymer-like structure may favour the formation of molecular domains (micelle-like) and, consequently, may promote the formation of agglomerates giving rise to polycrystalline particles.
Surface morphology of the titania coatings
Hydrophilicity of the films
The values of the surface-water contact angles, CA, measured both on the surface of the nude substrates and of the as-sintered titania films are summarized in [3, 16] , one can deduce that photocatalytic activity is favored in samples grown from Sol-2-like precursor solutions.
Optical properties
The experimental data of the real part of the complex refractive index of the TiO 2 films grown on silica and soda lime substrates are shown in Fig.7 , evaluating the coatings thickness values by means of XSR. As no calculated thickness was available for the sample C1, the film thickness value (110 ± 7) nm was derived from the image of a cross-section slice obtained by fracturing the sample after a scratch on its surface with a Vidia pen.
The optical band gap energy was determined by means of the coating extinction coefficient k. To that purpose, for large band materials in a small energy range in the vicinity of the optical band gap energy E g , the absorption coefficient is assumed to follow the well known dependence:
where A is a sample-dependent constant parameter, r is a constant equal to ½ and 2 for direct and indirect allowed transitions, respectively, and h is the photon energy. Then, E g can be graphically estimated by a linear fit of the high-energy tail of ( ) r h / 1 ν α [14, 20] . The absorption coefficient was then evaluated from the coating extinction coefficient k, as
, where is the wavelength. In literature, both direct and indirect band-to-band transitions of nano-crystalline anatase titania are reported [14, 36] . Then, to establish the type of electronic transition of the coatings, the absorption coefficient data were fitted to the equation for both indirect and direct band gap transitions. The graphically estimated band gap values are reported in Table 2 . The results clearly indicate that the optical properties of the TiO 2 coatings depend on the precursor solution, composition and substrate type. It is noteworthy that the refractive index plots reported in Fig.7 show that the optical properties of the TiO 2 coatings vary with the solution composition and substrate type. In particular, the coatings obtained by using Sol-1 exhibit values of the refractive index which are higher than those generated by using Sol-2.
Since the refractive index is determined by composition, morphology and structure, it is expected that for a range of samples of similar coating chemistry and structure, differences in effective refractive index between samples can mainly be related to differences in grain packing and, hence, to void fraction. Therefore, for the samples under examination, the higher refractive index of the samples grown by using Sol-1 can be attributed, in agreement with XSR results, to a higher packing density of the samples A1, B1 and C1, with respect to the samples A2, B2 and C2. This finding is very likely related to the presence of organic chelating agent in Sol-2. In fact, the burnout of these organic residues during the sintering process causes the formation of pores inside the coatings, which yields a more porous structure and, consequently, leads to a lower refractive index.
The high values of the anatase titania energy gap (from 3.78 to 4.13 eV) are attributable to the well-known close relationship between the band gap energy and the crystallites size [37] . The appearance of quantum confinement effect in small sized nanocrystalline titania, resulting in a blue shift of the band gap and the absorption edge, has been already observed and envisaged by other authors in order to explain experimental findings similar to the ones described here [14, 36, 38] . In fact, these values are in accordance with values reported in recent works: for example a direct optical absorption gap of 3.8eV was observed for anatase nanoparticle films with particle diameter in the range of 10-15nm [39, 40] ; and values of 4eV and above were found for anatase nanoparticles in the diameter range between 1nm and 2nm [38] . However, the results and conclusions of other works suggest that quantum size effect in anatase nanoparticles would occur only for particle with diameter smaller than 2nm [41, 42] .
Currently, the electronic properties and the dependence of the band gap of anatase titania on the particle size is still a hot topic of intensive investigations and several aspects have to be clarified yet.
The small size of the TiO 2 crystallites of the samples prepared in this work has, very likely, an important role for the relived band structure mutation from indirect to direct too.
Modifications of the band to band electronic transition have in fact been observed on studying materials that are constituted of small nano-sized crystallites and have been associated to structural changes of their surface [21, [43] [44] [45] . As for silicon based materials, the broadening of the energy gap and the conversion of the energy band structures from indirect to direct is widely reported in literature [43] [44] [45] . In particular, studies on the electronic band structures of hydrogen-terminated silicon nanowires have shown that quantum effect, crystallographic direction, strain and surface termination affect the energy band gap structure. Indeed, theoretical studies have shown that structural and electronic properties of anatase TiO 2 nanocrystals depend on the surface facet configuration (crystallography) [46] and surface coverage (chemistry) [47] . In the same manner, the presence of chemical/structural defects on the crystallites surface of the samples under examination could explain both the changes of anatase band gap transition and the high hydrophily of the samples grown by Sol-2 characterised by very low diameters of crystallites and high porosity. In fact, as reported in different studies, the titania hydrophilic properties are attributed to the presence of Ti 3+ sites and, consequently, to the oxygen vacancies that favour the occurrence of OH groups, which are in turn responsible for surface hydrophilicity [16, 48] . This is in agreement with the results of a very recent study that revealed the presence of structural changes of the uppermost surface of hydrophilic titania nanosheet after UV light irradiation [49] .
Ab initio, density-functional investigations have shown that the anatase TiO 2 crystals are delimited by crystallographic facets corresponding to (101) and (001) surfaces (equilibrium shape) [50] . The (101) surface is the most stable surface, and hence, the anatase crystal surface exposed to the air is constituted by more than 94% of (101) surfaces [50] . Therefore, it is reasonable to suppose that the hydrophilic properties can be ascribed to oxygen vacancy at the (101) surface of the titania grains resulting in the conversion of relevant Ti 4+ sites to Ti 3+ sites which are favourable for dissociative water adsorption [16, 48] .
This causes surface structural changes/defects of anatase nanoarchitecture [51] , which in small sized nanocrystallites lead also mutation of the band gap transition from indirect to direct. Moreover, it is reasonable to suppose that by increasing the number of Ti 3+ sites the wettability increases. This can explain the high hydrophilicity of the samples grown by Sol-2 characterised by high porosity, high surface area and, consequently, high number of (101) surfaces having Ti 3+ sites exposed to the air.
Conclusions
We reported on the controlled synthesis of nanocrystalline titania thin films by using two different sol-gel routes, i.e. different acid catalyzed sol-gel titania precursor solutions, via the dip-coating technique. The coatings were deposited on different substrates: (100)-Si wafer, fused silica and glass. The influence of the two sol-gel titania precursor solutions, a polymer titania sol and a TiO 2 nanoparticles bath, on the morphological, microstructural, optical and hydrophilic properties of TiO 2 films was investigated in detail.
We found a remarkable influence of the sol composition and the substrate type on the structural, morphological, and hydrophilic properties of the coating properties. The experimental results have shown that the films prepared from the polymer sol have the lowest mass density (about 70% of the theoretical bulk value of anatase), and exhibit high hydrophilic properties. Conversely, the layers grown by the nano-particulate sol have a much higher mass density (about 90-96% of the theoretical value), refractive index and contact angles. This suggests that the sol composition plays a crucial role in the determination of the microstructural/morphological properties of the titanium dioxide, so that highly hydrophilic titania coatings can be obtained without UV irradiation or doping. This finding is a very important and interesting result for catalytic applications where a high capability of holding adsorbed water is preferable.
The optical results have shown that all the prepared samples are characterised by high values of the energy gap (between 3.78 and 4.13 eV) caused by the quantum size effect that is induced by the small TiO 2 crystallite size (less than 14 nm in diameter). Moreover, band structure mutations from indirect to direct have been shown too. The changes of the band gap and the hydrophilic properties can be imputable to small size of the crystalline domain size and presence of oxygen vacancy on the surface of the titania grains that gives rise to Ti 3+ sites and, consequently, to structural changes/defects of anatase nanoarchitecture.
Our results demonstrate that the optical and hydrophilic properties of nanocrystalline titania can be tailored opportunely tuning the size dimension of the crystalline domain according to the specific coating applications. Table 2 The mean particle diameter G and mean porosity diameter <D P > as measured on the digitalized images of the TiO 2 films, and the measured contact angle ϑ of the TiO 2 films. For comparison, also the contact angles of the uncovered substrates are given. 
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FIGURES CAPTIONS
Figure 1
Experimental GIXRD scans of TiO 2 films A1, B1 and C2 grown on Si (a), silica (b) and soda lime glass (c) substrates, respectively.
Figure 2
Experimental GIXRD scans of TiO 2 films A2, B2 and C2 grown on Si (a), silica (b) and soda lime glass (c) substrates, respectively.
Figure 3
Experimental XSR and XDS patterns recorded on sample A2. The Kiessig interference fringes in the XSR and the Yoneda peaks in the XDS patterns (recorded at different 2θ detector positions: 0.7°, 1.0°and 1.5°) are well observed.
Figure 4
Experimental (black dots) and simulated (solid line; red line, online) XSR patterns of sample A2. The inset shows an enlarged part of the pattern with the well resolved Kiessig interference fringes.
Figure 5
SEM images acquired on the surface of TiO 2 films grown from Sol-1 on silicon (left) and glass (right) substrates, respectively.
Figure 6
SEM images acquired on the surface of TiO 2 films grown from Sol-2 on silicon (left) and glass (right) substrates, respectively.
Figure 7
Refractive index curves versus wavelengths of the TiO 2 thin films obtained by using Sol-1
and Sol-2 on silica (B1, B2) and soda lime (C1, C2) substrates.
Figure 8
Dispersion of ( ) 2 / 1 ν α h versus photon energy (h ) (indirect transition) of the titania coatings prepared by Sol-1 (a) and Sol-2 (b), respectively.
Figure 9
Dispersion of ( ) 2 ν α h versus photon energy (h ) (direct transition) and graphical estimation of the gap energy of the titania coatings prepared by Sol-1 (a) and Sol-2 (b), respectively. 
